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ABSTRACT 27 
 28 
A study of the anaerobic digestion process of synthetic domestic sewage (total 29 
COD: 705 mg/L) was carried out. The digestion was conducted in an upflow anaerobic 30 
filter with corrugated plastic rings as packing media at psychrophilic temperature (15ºC-31 
17ºC). For HRTs of between 10.0 and 17.1 h, the total COD removal efficiency was 32 
almost constant and independent on the HRT, achieving an average value of around 33 
80%. However, when the HRT decreased from 7.0 to 3.2 h the efficiency diminished 34 
from 77% to 65%. This decrease in removal efficiency was parallel to the increase in 35 
the VFA/Alkalinity ratio for this HRT range. The flow pattern observed in the reactor 36 
studied was intermediate between plug-flow and CSTR systems, although the plug-flow 37 
was predominant. It can also be observed that Young and McCarty’s model almost 38 
coincided with the CSTR model, when the biodegradable COD was used for fitting the 39 
data. The Manariotis equation allowed a better fit of the experimental data (total COD 40 
removal efficiency with influent substrate concentration and HRT) than the Young 41 
model. The methane yield coefficient obtained was 0.15 L CH4/g COD consumed. 42 
 43 
Keywords: CSTR flow pattern; Domestic sewage; Manariotis equation; Plug-flow 44 
pattern; Upflow anaerobic filter; Young equation. 45 
 46 
 47 
1. INTRODUCTION 48 
 49 
Anaerobic purification of domestic sewage is a useful treatment system for small 50 
communities (Alderman et al., 1998; Barber and Stuckey, 1999; Bodik et al., 2002). 51 
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Compared to conventional aerobic processes, anaerobic wastewater treatment of 52 
domestic wastewater can be used as a viable alternative (Aiyuk et al., 2006). It produces 53 
only small amounts of stabilised (non-putrescible) sludge compared to aerobic 54 
processes, while much of the removed organic material is converted to methane. 55 
Furthermore, the need to aerate the wastewater is dispensed with, reducing energy and 56 
construction costs (Lettinga et al., 1997; Zakkour et al., 2001; Cakir and Stenstrom, 57 
2005). Anaerobic processes have gained popularity over the past decade, and have 58 
already been applied successfully for the treatment of a number of waste streams, and 59 
geared mainly towards highly concentrated soluble wastewaters (Aiyuk et al., 2006). 60 
Scepticism relates to their applicability for low-strength wastewaters as domestic 61 
wastewater has been widespread for a considerable period. Recently, however, more 62 
efficient anaerobic systems have been developed, and they are being successfully 63 
applied for treatment of low-strength wastewaters such as domestic wastewater, 64 
particularly under tropical conditions where artificial heating can be avoided, to cut 65 
down on costs (Harleman and Murcott, 2001; Aiyuk and Verstraete, 2004). 66 
Anaerobic filters have grown to represent advanced technology that has been used 67 
effectively for treating a variety of industrial wastewaters (Manariotis and 68 
Grigoropoulos, 2008). The upflow anaerobic filter is basically a contact process in 69 
which waste passes over or through a mass of biological solids contained within the 70 
reactor by a fixed media. The biomass in the reactor is attached to the medium surfaces 71 
as a thin biofilm, is entrapped within the media matrix, or is held as a granulated or 72 
flocculated sludge mass beneath the media. Soluble organic compounds in the influent 73 
wastewater pass in close proximity to this biomass and diffuse into the surfaces of the 74 
attached or granulated solids where they are converted to intermediate and end products, 75 
specifically methane and carbon dioxide (Young, 1991).    76 
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Compared with other high-rate anaerobic reactors, the anaerobic filter presents 77 
several important characteristics (Manariotis and Grigoropoulos, 2008; Umaña et al., 78 
2008; Nikolaeva et al., 2009). The anaerobic filter is more suitable for handling high 79 
pollution-load wastewaters because it has a high substrate removal efficiency. 80 
Moreover, this type of reactor is less sensitive to shock loads and operates at lower 81 
hydraulic retention times (HRTs), thus requiring smaller volumes. Construction, 82 
operation and maintenance costs are lower. The effluent contains few suspended solids, 83 
eliminating the need for the separation of solids or recycling and the biological system 84 
recovers more quickly to the conditions present before the digester operation is stopped. 85 
Therefore, non-feeding intervals do not have a negative impact on the quick response of 86 
anaerobic filters (Manariotis and Grigoropoulos, 2008). These characteristics render the 87 
anaerobic filter extremely useful for the treatment of both high and low-strength 88 
wastewaters (Manariotis and Grigoropoulos, 2003).  89 
Moreover, the anaerobic filter is recently gaining increased attention as an 90 
alternative means for the direct anaerobic treatment of municipal and other low-strength 91 
wastewaters at ambient conditions, especially in small decentralized facilities located in 92 
regions of moderate climate (Manariotis and Grigoropoulos, 2006). Previous research  93 
(Bodik et al., 2002) showed the effect of temperature (in the range 9ºC-23ºC) and HRT 94 
(in the range 6 h-45 h) on the steady-state performance of a laboratory-scale anaerobic 95 
filter filled with small tubes of plastic material treating a mixture of synthetic substrate 96 
(glucose and sodium acetate) and real municipal wastewater with a COD of about 300 97 
mg/L. COD removal efficiencies in the range of 46%-92% were obtained depending on 98 
the temperature and HRTs used. Based on these results, the use of the anaerobic filter in 99 
practice seems to be a potential technology for pre-treatment of sewage produced by 100 
small communities. Another study of anaerobic digestion of low strength domestic 101 
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wastewater (COD: 288 mg/L) carried out with an anaerobic filter operating at 25ºC and 102 
35ºC and at HRT of 24 h provided an average COD removal efficiency of 73%  103 
(Kobayashi et al., 1983). 104 
Depending upon the temperature at which the process is carried out, there are three 105 
main types of anaerobic treatment of wastewaters. Biomethanation carried out at a 106 
temperature range of 45ºC-60ºC is referred to as “thermophilic”, whereas that carried 107 
out at a temperature range of 20ºC-45ºC is known as “mesophilic”. The anaerobic 108 
digestion of organic matter at low temperatures (< 20ºC) is referred to as 109 
“psychrophilic” digestion (Kashyap et al., 2003). The biomethanation process at 110 
mesophilic and thermophilic ranges is well understood and documented. However, there 111 
is gap in the knowledge about the anaerobic digestion process at psychrophilic 112 
temperature. The details of the low temperature degradation pathways of diverse 113 
substrates and the microbial communities composition in various methanogenic 114 
environments are still not completely known (Bardiya and Chaudhari, 2000; Borja et al., 115 
2002). 116 
The aim of this work was to carry out a performance evaluation and kinetic study of 117 
the anaerobic digestion of a synthetic domestic sewage at psychrophilic temperature 118 
(15ºC-17ºC) by using an upflow filter operating at HRTs in the range of 3 h-12 h and 119 
organic loading rates in the range of 1-4 g COD/(L d). Different kinetic models that 120 
correlated the process efficiency with HRT and substrate concentration were tested and 121 
compared. 122 
 123 
 124 
2. MATERIALS AND METHODS 125 
 126 
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2.1. Equipment 127 
The anaerobic filter consisted basically of an acrylic column with a total volume of 128 
1.5 L and an effective working volume of 1.35 L. The reactor column itself has a height 129 
of 45 cm and an internal diameter of 8 cm. 330 corrugated plastic rings with an 130 
individual diameter of 1.5 cm and a height of 0.5 cm were used as biomass growth 131 
support material. Effluent was recycled from the upper part to the bottom of the reactor 132 
to provide good mass transfer conditions. The reactor was fed by means of a peristaltic 133 
pump, and liquid effluent was removed continuously through a hydraulic seal designed 134 
to prevent air from entering the reactor and biogas from leaving it. 135 
The methane volume produced in the process was measured using a 3-L Mariotte 136 
reservoir fitted to the reactor. A tightly closed bubbler containing a NaOH solution 3 M 137 
(with alizarin yellow as a CO2 saturation indicator) to collect the CO2 produced was 138 
intercalated between the two elements. The methane produced displaced a given volume 139 
of water from the reservoir, allowing to easily determine the methane generated. The 140 
operating temperature of the reactor (15ºC-17ºC) was maintained as constant by means 141 
of an external water jacket through which water from a temperature controlled bath 142 
circulated.  143 
 144 
2.2. Synthetic domestic wastewater used 145 
The composition of the synthetic domestic wastewater used is summarized in Table 146 
1. The main characteristics and features of the wastewater used are shown in Table 2. 147 
This Table also shows the range of values of the typical parameters of a real domestic 148 
wastewater reported in the literature for comparison purposes (Kobayashi et al., 1983; 149 
Elmitwalli et al., 2002).
     
150 
 
151 
 7
2.3. Inoculum 152 
The reactor was inoculated with methanogenically active biomass from a laboratory-153 
scale anaerobic reactor that operated at psychrophylic temperatures (15ºC). Its content 154 
in total suspended solids (TSS) and volatile suspended solids (VSS) was 68.9 and 51.2 155 
g/L, respectively. Finally, the pH of this anaerobic biomass was 7.2, while its 156 
methanogenic activity was 0.95 g COD-CH4/(g VSS·d). 157 
 158 
2.4. Experimental procedure 159 
The anaerobic reactor was initially charged with 700 mL of the inoculum, 250 mL 160 
of distilled water, 300 mL of a nutrient-trace element solution and with 330 of the 161 
above-mentioned corrugated plastic rings. The composition of the nutrient-trace element 162 
solution used at the start-up of the reactor can be found elsewhere (Borja et al., 2001). 163 
The start-up of the reactor involved gradual increases in COD loading. During this 164 
period the organic loading rate (OLR) was gradually increased from 0.1 to 0.3 g 165 
CODT/(L·d) between days 1 and 15, 0.4 g CODT/(L·d) between days 16 and 30, 0.6 g 166 
CODT/(L·d) between days 31 and 45, and finally, 0.8 g CODT/(L·d) between 46 and 60 167 
days. During this start-up period, the superficial velocity was maintained at 0.1 m/h. 168 
This gradual start-up process was followed by 16 series of continuous experiments 169 
using OLRs of 0.99, 1.15, 1.22, 1.26, 1.37, 1.42, 1.60, 1.71, 2.01, 2.26, 2.44, 3.00, 3.31, 170 
4.05, 4.59 and 5.23 g CODT/(L·d), which corresponded to HRTs of 17.1, 15.0, 14.0, 171 
13.5, 12.5, 12.0, 10.5, 10.0, 8.7, 7.5, 7.0, 5.5, 5.0, 4.1, 3.6 and 3.2 h. During all these 172 
experiments the superficial velocity was maintained at 0.3 m/h with the recirculation of 173 
the effluent.    174 
Once steady-state conditions were achieved at each OLR or HRT assayed, the daily 175 
volume of methane produced, total and soluble COD, pH, total volatile fatty acids 176 
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(VFA), and alkalinity of the different effluents obtained were determined. The samples 177 
were collected and analyzed for at least five consecutive days. The steady-state value of 178 
a given parameter was taken as the average of these consecutive measurements for that 179 
parameter when the deviations between the observed values were less than 5% in all 180 
cases. Each experiment had a duration of 6-7 times the corresponding HRT. 181 
The OLRs applied in this study were increased in a stepwise fashion in order to 182 
minimize the transient impact on the reactor that might be induced by a sudden increase 183 
in loadings.   184 
 185 
2.5. Chemical analyses 186 
The following parameters were analyzed according to Standard Methods (APHA, 187 
1998): total and soluble COD, pH, total solids (TS), mineral solids (MS), volatile solids 188 
(VS), total suspended solids (TSS), mineral suspended solids (MSS), volatile suspended 189 
solids (VSS), total volatile fatty acids (VFA), and alkalinity. 190 
 191 
 192 
3. RESULTS AND DISCUSSION 193 
 194 
3.1. Process stability 195 
Table 3 summarizes the data of the effluent pH and VFA/Alkalinity ratio for all 196 
experiments carried out. As can be seen for HRTs of between 5.0 and 17.1 h, the pH in 197 
the reactor ranged between 7.30 and 7.45 showing that the buffering capacity of the 198 
experimental system was found to be at favourable levels. Only for a HRT of 3.2 h did 199 
the pH decrease to 6.95, although the methanogenic process was not seriously affected. 200 
This high stability can be attributed to carbonate/bicarbonate buffering. This is 201 
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produced by the generation of CO2 in the digestion process, which is not completely 202 
removed from the reactor as gas. Buffering in anaerobic digestion is normally due to 203 
bicarbonate, as carbonate is generally negligible if compared with bicarbonate 204 
(carbonate/bicarbonate ratio is equal to 0.01 for pH 8.2) (Gujer and Zehnder, 1983; 205 
Speece, 1983). 206 
On the other hand, the VFA/Alkalinity ratio can be used as a measure of process 207 
stability (Wheatley, 1990; Switzembaum et al., 1990): when this ratio is less than 0.5-208 
0.6 the process is considered to be operating favourably without the risk of acidification. 209 
As was observed in Table 3, for HRTs higher than 3.6 h the ratio values were always 210 
lower than the suggested limit value, proving that the process is adequately stable. 211 
However, at a HRT of 3.2 h an increase in the VFA/Alkalinity ratio to a value of 0.51 212 
was observed, which brought about a decrease in pH to 6.95 and the start of a slight 213 
destabilization.  214 
 215 
3.2. Influence of the HRT on the process efficiency (E) and correlation of results 216 
Figure 1 shows the variation of the total COD removal efficiency (per unit) with the 217 
HRT. As can be seen for HRTs of between 10.0 and 17.1 h, the removal efficiency was 218 
virtually constant and independent, achieving an average value of around 80%. 219 
However, when the HRT decreased from 7.0 to 3.2 h the efficiency diminished from 220 
77% to 65%. This decrease in removal efficiency was parallel to the increase in the 221 
VFA/Alkalinity ratio for this HRT range (Table 3). Experiments with HRTs lower than 222 
3.2 h were not performed because of the risk of reactor acidification. Therefore, for 223 
HRTs of between 10.0 and 17.1 h the reactor effluents achieved COD levels within 224 
regulation standards for treated effluent disposal. However, for HRTs lower than 5.5 h 225 
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some post-treatments could be necessary for achieving the mentioned standards 226 
(Diamadopoulos et al., 2007).      227 
The COD removal efficiencies obtained in the present research (80% at HRTs in the 228 
range of 17.1 h-10.0 h) were higher than those obtained in another lab-scale anaerobic 229 
filter with tubes of PVC as packing material treating low strength municipal wastewater 230 
(efficiencies of 73%-77%) operating at higher HRT (24 h) and temperatures (20ºC-231 
25ºC) (Kobayashi et al., 1983). These efficiency values were also higher than those 232 
obtained in lab-scale UASB and AnSBR reactors treating domestic wastewater, which 233 
achieved values of 64%-72% and 62% operating at temperatures of 13ºC-19ºC and 234 
15ºC, respectively, and HRTs of 5 h and 10 h-20 h, respectively (Uemura and Harada, 235 
2000; Bodik et al., 2002). On the other hand, the efficiency values of the present study 236 
were of the same order of magnitude as those obtained in another lab-scale anaerobic 237 
filter treating a similar wastewater with plastic material as packing medium (84%) 238 
operating at a HRT of 10 h and 15ºC temperature (Bodik et al., 2002). This study also 239 
revealed that a temperature higher than 10ºC-12ºC, COD removal efficiency was 240 
relatively independent on HRT in the range of 10 h-20 h. However, the role of HRT was 241 
evident at lower temperatures (5ºC-10ºC), when with the lower HRT, the COD removal 242 
efficiency also decreased (Bodik et al., 2002).  243 
According to Young (1991), tests with laboratory and full-scale anaerobic filters 244 
that operated under a variety of conditions identified HRT as the most important design 245 
and performance parameter. In addition, influent waste strength and reactor height had 246 
essentially no effect on treatment efficiency when operating at a given HRT (Young, 247 
1991). Taking these points into account, the following equation was proposed to 248 
correlate the total COD removal efficiency (Et) with the HRT:    249 
   Et = (1 - €/HRT)    (1) 250 
 11
where € is an empirical constant and Et is the efficiency of the process calculated from 251 
the experimental total COD values.  252 
However, assuming that not all the substrate is biodegradable, equation (1) can be 253 
transformed as follows:     254 
   Et = a(1 - b/HRT 
c
)       (2) 255 
where a, b and c are empirical constants obtained from the non-linear correlation of the 256 
experimental (Et, HRT) pair values.   257 
Therefore, by fitting the experimental data to equation (2), the following was 258 
obtained (Figure 2): 259 
   Et = 0.8(1 – 2/HRT 
2
)    (3) 260 
Given that the experimental method used to determine the COD does not distinguish 261 
between biodegradable and non-biodegradable CODT, the non-biodegradable CODT 262 
(CODT non-biod.) was estimated by means of the extrapolation of effluent CODT (Se), 263 
which corresponds to an infinite HRT (Borja et al., 2002). Figure 2 illustrates this 264 
determination, the concentration of the CODT non-biod. being equal to 117 mg/L.  265 
Figure 3 plots the experimental biodegradable COD removal efficiencies (Eb) as a 266 
function of the HRT. As can be observed, for HRTs higher than 10 h, the COD removal 267 
efficiency obtained from the biodegradable COD (Eb) was 100%.  268 
According to the literature to correlate the efficiency and HRT values it was 269 
assumed that degradation of substrate fits a first-order steady-state kinetic model 270 
(Kobayashi et al., 1983; Young, 1991). However, additionally, hydraulic factors such as 271 
the type of flow inside of the reactor (plug-flow mode or continuous stirred tank reactor, 272 
CSTR) must be known. Early tests with anaerobic filters suggested that upflow 273 
anaerobic filters operated in a plug-flow mode, and tracer tests in clean, media-filled 274 
reactors did show a pattern characteristic of plug-flow systems (Young, 1991). 275 
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However, other tests have shown the presence of considerable mixing, and intensive 276 
studies by Young and Young (1988) showed that even small amounts of gas flow 277 
definitely cause the liquid phase of the reactor to be essentially completely mixed, 278 
especially above the concentrated sludge zone. Data from full-scale reactors support this 279 
observation (Young and Yang, 1989). As a consequence of these two criteria, both the 280 
plug-flow and CSTR models were assayed to correlate the efficiency (obtained from the 281 
biodegradable COD) with the HRT (Scott Fogler, 1999): 282 
Plug-flow model:   Eb pfj = 1 – exp (-kpf HRT)   (4)  283 
CSTR model:         Eb CSTR = 1 – 1/(1 + kCSTR HRT)  (5) 284 
where Eb pf and Eb CSTR are the COD removal efficiencies obtained from the 285 
biodegradable COD for the plug-flow and CSTR models respectively and kpf and kCSTR 286 
are the respective kinetic coefficients. 287 
Figure 3 shows the plots of the fit of the experimental data (Eb, HRT) to the two 288 
proposed models (plug-flow and CSTR). The same Figure also illustrates the fit of the 289 
experimental data to the Young and McCarty model, which is given by equation (2) 290 
(Kobayashi et al., 1983). It can be inferred from Figure 3 that the flow pattern observed 291 
in the reactor studied is half-way between plug-flow and CSTR systems, although the 292 
plug-flow is predominant. On the other hand, it can also be observed that the Young and 293 
McCarty model almost coincides with that CSTR model, when the biodegradable COD 294 
is used for fitting the data.  295 
 296 
3.3. Correlation of the Efficiency with the operation variables 297 
While pilot-scale and laboratory-scale tests can be used to determine specific 298 
relationships between various design and operational factors – for example, reactor 299 
configuration, media type and placement, organic loading and HRT – no comprehensive 300 
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performance relationship that is accepted widely for design of full-scale anaerobic 301 
filters has been developed. Two different equations, among others, have been proposed 302 
in the literature to relate the COD removal efficiency with the operation variables: 303 
According to Young (1991): 304 
   E = k (HRT)
a
(S0)
b
(AS)
c 
   (6) 305 
where E is the COD removal efficiency (based on total COD), S0 is the influent 306 
substrate concentration, AS is the specific surface area, and a, b and c are constants 307 
characteristic of the assayed system. The slight effects of influent substrate 308 
concentration within the S0 range studied may be attributable to the complete mixed 309 
nature of the liquid phase within anaerobic filters as was indicated previously (Young, 310 
1991).  311 
According to Manariotis and Grigoropoulos (2008): 312 
   Se = a’ S0
b’
(HRT)
c’
P
d’    
(7) 313 
where Se is the effluent substrate concentration, P is the porosity of the packing media 314 
and a’, b’, c’ and d’ are typical constants of the assayed system. 315 
In the present work and given that the experimental phase was carried out with only one 316 
type of packing medium, both the variable AS of equation (6) and P of equation (7) can 317 
be included in the corresponding constants of both models. 318 
On the other hand, and taking into account that the efficiency, E, can be defined 319 
according to the following equation: 320 
                   E = (S0 – Se)/S0         (8) 321 
The equations of Manariotis can be expressed as follows: 322 
   E = 1 – K S0
α 
(HRT)
β
    (9) 323 
where α and β are constants characteristic of the type of packing media and wastewater 324 
used.  325 
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In the same way, the Young equation can be transformed into the following: 326 
                   E =  K’ (HRT)
n
 S0
q
    (10) 327 
where n and q are constants characteristic of the type of support material and 328 
wastewater used. 329 
Figures 4 and 5 show the fit of the experimental data to equations of Young (eqn 10) 330 
and Manariotis (eqn 9) respectively, as well as the constants obtained in both cases. As 331 
can be observed the Manariotis equation allowed a better regression coefficient to be 332 
obtained showing a good fit of the experimental points. Therefore, the use of the 333 
Manariotis equation to estimate reactor performance would be a valuable tool in 334 
designing the anaerobic filter operation. 335 
Finally, and taking into account that the effect of the initial COD concentration on 336 
the process efficiency is basically negligible, the equations (9) and (10) could also be 337 
further simplified by dropping the term S0 and transformed into the equations (11) and 338 
(12) respectively, as follows: 339 
E = 1 – K
 
(HRT)
β
    (11) 340 
E =  K’ (HRT)
n
     (12) 341 
where the values of  K and K’ were found to be 0.4706 and 0.6156 h
-1
, respectively. In 342 
addition, the constant β, included in the modified Manariotis model, reached the value 343 
of 0.3325 which is quite similar to the value previously obtained (0.3233). 344 
Simultaneously n achieved the value of 0.1010 in the modified Young model and 0.096 345 
in the non-modified model. The similarity between the exponential values in both 346 
models shows the negligible effect of the initial COD concentration within the HRT 347 
range studied.  348 
 349 
 350 
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3.4. Methane yield coefficient 351 
Figure 6 shows a plot of the daily methane production against the amount of COD 352 
consumed. By fitting the (methane production, g CODT removed) value pairs to a 353 
straight line the average yield coefficient under standard temperature and pressure 354 
conditions (STP: 1 atm and 0ºC) was found to be 0.15 L CH4 STP/g CODremoved. As can 355 
be seen in Figure 6, the intercept of the linear plot is slightly negative. This suggests 356 
that when a small part of substrate is consumed the produced methane is not quantified. 357 
Some authors (Kobayashi et al., 1983) have suggested that energy recovery potential for 358 
filters operating at low loading rates is further diminished due to soluble methane loss in 359 
the filter effluent. On the other hand, it is also possible that a dragging of small bubbles 360 
of methane can also be produced. Lower methane yield coefficients (0.055 L CH4 361 
STP/g COD) were achieved in anaerobic filters treating low strength domestic 362 
wastewater (COD: 288 mg/L) at 24 h HRT and 25ºC and 35ºC. In contrast, higher 363 
methane yield coefficients (0.25 L CH4 STP/g COD) were obtained in UASB reactors 364 
treating low strength synthetic wastewater (COD: 1000 mg/L) operating at a low 365 
temperature (15ºC) and a HRT of 24 h (Akila and Chandra, 2007) when an inoculum 366 
from a cattle manure digester adapted to 15ºC was used. Therefore, it appears that the 367 
microbial consortia acclimatized at a low temperature, used by most of the researchers 368 
for biomethanation at psychrophilic are not true psychrophiles. This has been inferred 369 
by the fact that true psychrophiles will not survive at an increased temperature. Most of 370 
the studies indicate an increase in gas production with the increase in temperature. Thus, 371 
it can be deduced that these are psychrotrophs (organisms that can withstand thermal 372 
fluctuations). Some of the common characteristics shown by these microorganims 373 
during the acclimatization process decrease in the number of ion pairs, the side chain 374 
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contribution to the exposed surface and the apoplar fractions of the exposed surface 375 
(Kashyap et al., 2003). 376 
 377 
 378 
 4. CONCLUSIONS 379 
 380 
The psychrophylic (15ºC-17ºC ) anaerobic digestion of synthetic domestic sewage 381 
in an upflow filter was very stable for HRTs in the range of 3.6 h-17.1 h. For HRTs of 382 
between 10.0 and 17.1 h, the total COD removal efficiency was virtually independent 383 
on the HRT, achieving an average value of around 80%.  384 
The flow pattern observed in the reactor was intermediate between plug-flow and 385 
CSTR systems. The Young and McCarty model almost coincided with the CSTR 386 
model, when the biodegradable COD was used. The Manariotis equation allowed a 387 
better fit of the experimental data than the Young model. 388 
 389 
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 496 
Table 1 497 
 498 
Composition of the synthetic domestic wastewater. 499 
Macronutrient Solution Micronutrient Solution 
Compound Source [mg/L] Compound [mg/L] 
Starch C-Carbohydrate; 80%   200 FeCl3·4H2O 1000 
Ovoalbumine C-Protein; 10%  21.0 CoCl2·6H2O 1000 
Sunflower oil  C-Lipid: 10%  13.1* MnCl2·4H2O 250 
Urea N 13.0 CuCl2·2H2O 15 
KH2PO4 P 5.26 ZnCl2 25 
CaCl2·2H2O Ca 22.05 H3BO3 25 
MgSO4·7H2O Mg 0.43 (NH4)6Mo7O24·4H2O 45 
KCl K 21.3 NaSeO3·H2O 50 
NaHCO3 Na 8.76 NiCl2·6H2O 35 
Yeast Extract  100 EDTA 500 
Micronutrients  1.0* HCl 36 % 1* 
   Resarzurin 250 
* 
Amount expressed in mL/L.  500 
 501 
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 523 
  Table 2 524 
 525 
Characteristics of the synthetic domestic wastewater used and of the real domestic 526 
wastewater reported in the literature (Kobayashi et al., 1983; Elmitwalli et al., 2002).* 527 
 
Parameter 
Synthetic 
domestic 
wastewater 
used** 
Real domestic 
wastewater 
(range of values)  
Total COD (CODT) 
 
Total Suspended Solids (TSS) 
 
Volatile Suspended Solids (VSS) 
 
pH 
 
Volatile Fatty Acids (VFA) (as acetic acid) 
 
Total Alkalinity 
705 (30)  
 
560 (22)  
 
530 (20)  
 
6.8 (0.3)  
 
130 (5)  
 
315 (15) 
180 - 1100  
 
160 - 625  
 
80 - 580  
 
5.7 - 8.9 
 
90 – 150  
 
190 – 360  
        * All amounts, except pH, are expressed in mg/L. 528 
** Values in brackets correspond to the standard deviations of the mean values. 529 
 530 
 531 
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 545 
Table 3 546 
Values of the effluent pH and VFA/Alkalinity ratio for the  547 
different HRTs assayed.  548 
HRT 
(h) 
pH 
AV/Alkalinity 
(equiv. acetic 
acid/equiv. CaCO3) 
3.20 6.95 0.51 
3.60 7.10 0.41 
4.10 7.20 0.38 
5.00 7.39 0.39 
5.50 7.38 0.29 
7.00 7.30 0.39 
7.50 7.39 0.28 
8.70 7.29 0.29 
10.00 7.31 0.25 
10.50 7.35 0.30 
12.00 7.30 0.27 
12.50 7.32 0.26 
13.50 7.35 0.20 
14.00 7.40 0.19 
15.00 7.42 0.18 
17.10 7.39 0.20 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
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 562 
FIGURE CAPTIONS 563 
 564 
Figure 1. Variation of the total COD removal efficiency (per unit) as a function of the 565 
HRT. 566 
Figure 2. Estimation of the fraction of non-biodegradable organic matter (total COD) 567 
contained in the synthetic domestic wastewater used in this study. 568 
Figure 3. Variation of the experimental efficiency values (based on biodegradable 569 
COD) with the HRT. The Figure also plots the theoretical plug-flow, CSTR 570 
and Young and McCarty models. 571 
Figure 4. Variation of the COD removal efficiency with HRT and influent substrate 572 
concentration (Young model, eqn. 10). 573 
Figure 5. Variation of the COD removal efficiency with HRT and influent substrate 574 
concentration (Manariotis model, eqn. 9). 575 
Figure 6.  Determination of the methane yield coefficient. 576 
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